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TECHNICAL NOTE 2781

CORRELATION OF TENSILE STRENGTH, TENSIIE DUCTILITY, AND NOTCH TENSILE
STRENGTH WITH THE STRENGTH OF ROTATING DISKS OF SEVERAL DESIGNS
IN THE RANGE OF LOW AND INTERMEDTATE DUCTILITY

By Arthur G. Holms and Andrew J. Repko

SUMMARY

Burst tests were conducted on several desligns of sound disks and
disks with defects. Results were compared with tenslle strength, tensilse
ductility, and notch tenslle strength. The purposes of the Investigation
were to determlne the extent to which disk strength can be Increased by
increasing tenslle strengbth, to investlgate the extent to which a corre-
latlon exists between disk strengbh and several mechanical properties of
meterials at low ductilities, and to present same data on the Influence
of several types of stress concentratlion on the strengths of disks made
from ductile and brittle materials.

For the brittle materilals (that may have been subjJect to chemical
segregations) the disk strength d1d not correlate with tenslle strength.
For these low-ductility materials (elongation equal to or less than
4.0 percent) and for ductile meterisls for which notch strength data
were avalleble, the dlsk strength waes found to correlate better with the
combingtion of tenslile strength and notch strength ratlio than with the
combinagtlion of tensile strength and elongation. For disks possessing
much sherper stress railsers (defects), the notch tensile strength was
superlor to the conventlonal tenslle strength as a basls for correla-
ting disk strength with mschanical propertles of the sound material.

In general, experimentally determined disk strengths for ductile
materials were sllightly less than values predlicted from tensile éﬁrength
values by the concept of average stress. In the case of brittle mater-
ials, the observed values were slgnificantly less than the predicted
values. The rule that the strength reductlon in disks due to holes is
approximately equal to the percentage of dlametral cross-sectional areas
removed by the holes was substantiated for disks of ductile materials
having large central holes ani moderate size eccentric holes. The rule
was not substantiated for disks of ductile materiels having small cen-
tral holes and the rule was nobt substantiated for disks made from mater-
lals of low ductility.
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IRTRODUCTION

Reduction of disk welght for alrcraft gas-turblne rotors is deslr-
able for meny reasons. Reduotlon in rotor welght has an amplified
effect on total englne welght because lower gyroscoplc forces assoclated
with lower rotor welght permlt welght reductions for bearings, shaft, and
frame. Thus, a small saving in disk weight permits a general saving of
welght and materlals throughout the engine.

Use of high-strength materials presents the possiblility of reducing
wheel thickness and thus of reduclung dlsk welght whille maintalning a
given factor of safety. The influence of tensille strength and ductility
on the strengths of some rotating disks was Investigated in reference 1.
For sound materlals the dlsk strength increased with Increasing tensile
strength, and this relation was observed to be lndependent of ductillity
for ductilities in excess of about 3 percent elongatlon. The factors
that 1limit the extent to whilch disk strength cen be increased by increas-
ing tensile strength with accompanylng very low ductllitles were not
investigated. _

In general, high-strength materials are usually obtalned at some
sacrifice in ductility. Furthermore, investlgations employlng the static
notch tensile test have shown that many steels become notch-gsensitive In
a range of high tensile strength (reference 2). Minimum levels of duotil-
1ty are usually speciflied for rotor materlsls with the obJect of permit-~
ting stress redistribution by plastic flow in the Immedlate vieinity of
such stress ralsers as may be required by functional considerations or as
may be caused by materiasl Imperfections. (Data on the optimum compromise
between tensile strength and ductlllity for some rotating disks having
defects are presented in reference 3.) Although the static-notch-tensile
test has been shown to measure characterlstlcs of a materisl not preclsely
described by the usual tensile strength and ductility measurements (refer-
ence 2), the specification of notch strength values for rotor materials
is not extenslvely practiced at present. The significance of the notch
test in selecting materials for varlous appllcations has not been wldely
explored.

The present investigation was conducted to examine soms of the fac-
tors that limit the extent to which dlsk strength can be increased by
increasing tensile strength, to determine the extent to which a correla-
tion exists bebtween dlsk strengbh and several mechanical properties of
materlsls at low ductilities, asnd to evaluate the Influence on disk
strength of several types of stress concentration for ductlle and brittle
materials. Results from reference 1l are compared with date from the
present investigation (made at the NACA Lewis laboratory), which includes:

(1) Data from tests of brittle materisals.

(2) Correlations with notch date for disks free from volds and for
dlsks contalning volds.
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PROCEDURE

The disk designs investlgated are shown by the diagrams of figure 1.
All the disks were 10 inches in dlameter. Some of the disks were orig-
inally 3/8 inch thick but had soft surface layers removed by grinding
0.020 inch from the top and bottom faces. The cast disks of beryllium
copper contalning shrink porosity varied 1n thickness Prom 0.497 to
0.570 inch. All other disks were 3/8 inch thick.

Disks were examlned for defects by radiographic inspecdtion and by
elther the magnetlic or the fluorescent-particle inspection methods. Disks
found to be free of cracks or volds by these inspections were regarded
as sound for the purposes of the present Investigation, although the
exlstence of small defects or Ilrregulerities not so detectable i1s quite
possible. The disks mede fram an age-hardensable stainless steel were
regarded as sound since they did not contaln cracks or voids. However,
they di1d contaln chemlcal segregatlons, which were detected by magnetic
inspection and are described in reference 3. The cast disks of beryilium
copper contained volds consisting of shrink porosity, also described in
reference 3.

The conventional and notched tensile specimens are shown by the dia-
grams of figure 2. The notched specimeng possessed sharp 600 V-notches
that removed 50 percent of the cross-sectionel area. A concentric ten-
sile fixture of the type described in reference 4 was used for all notched
gpecimens and for all tensile specimens having ductilities equal to or
less than 4.0 percent elongation. All specimens were taken from disks
produced in the same manner as the burst disks. The heat-treating
schedule and the order of the heat-treating end machining steps were
always the same for the disks and the corresponding specimens. The
method of spin testing was the same as that described in reference 1.

TENSILE PROPERTIES OF MATERIALS INVESTIGATED

The conventional tensile properties and the notch strength values
corresponding to disks free from defects and also for the dlsks of age-
hardeneble stainless steel are listed in teble I. These propertles are
based on specimens cut in radial dlrections from material located near

the centers of dlsks.

Data for the dlsks contalning shrink porosity are listed in
table TI. As described in reference 3, these dilsks contained both sound
and unsound regions. Both the conventional tenslle specimens and the
notched specimens were taken from the sound reglons.
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CORRELATTON OF DISK STRENGTH WITH TERSILE STRENGIH

If a general correlation of tensile propertles with rotating disk
performance ls to be investlgated for a wide varlety of materlals, the
data must be analyzed In such a manner as to be unaffected by the den-
sltles. One appropriate parameter for measuring dlisk performance con-
slsts of the simple product of denslty and burst speed squared. The
maximum calculated elastlc stress In a so0lid parallel-sided disk at a
gpeed correspondling to the burst speed ls an equivalent parameter for
measuring the nominal load sustalned by the disk materlal at the time
of bursting. The convenlence of using this quantity (referred to as
"disk strength") is thaet the numbers are of comparable magnitudes with
the tensile strengths., The formulae for calculating disk strength 1s
glven 1in the appendix.

Because the disk strength ls a measure of the nominsl load sus-
talned by the disk materlal up to the polnt of bursting, it 1s a useful
parameter for measurlng the signiflcance of the tenslle propertles when
the materials investigated vary in density: - (The umsuitabllity of using
actual stresses for this purpose 1s dilscussed in reference 1). The disk
strength cannot be used as an Index of merit of a particular materlal .
for rotating disk applicatlons because 1t ls proportional to the density.
The burst speed or the burst speed squared would be a more satisfactory
index of merit.

For all the designs of figure 1, the disk strength wes alweys cal-
culated by the formumla for the maximum elastic stress in a solid
perallel-gided dlsk. The dlsk strength so calculated for the burst
speeds of disks with holes reflects the loss in burst speed squared due
to the presence of the holes when compared with simllar calculations for
solld disks.

Data for sound disks. from reference 1 for the dlsk desligns of flg-
ure 1(a) to 1(c¢) (all having tensile ductilities in excess of 3 per-
cent elongation) and data from the present low-ductlility investigation
for the same dlsk designs, together with both high- and low-ductility
data for the dlsk design of figure 1(d), are plotted in figure 3. The
tensile properties shown in figure 3 and subsequent plots are based on
averages of approximately four tenslile or nobtch speclmens for any par-
ticuler heat trestment and chemicel composition. For all the designs’
investigated, these plots of disk strength against tensile strength show
that the diek strengths increased with increasing tensile strength for
ductilities sbove 4.0 percent elongation. For ductilities of 4.0 percent
elongation or less, the date points fall below the lines establlshed by
the ductile materials and no correlation is observed between disk strengtk
and tensile strength. (These disks are sald to be "brittle" in this low
range of elongation.)

The brittle materials did not necessarily produce dilsks inferior . in
strength to the ductile materials., As can be seen from figure 3, some of
the materisls with ductilitles of less ‘than 4.0 percent elongation gave
higher disk strengths than any of the ductile ma@e;iglg
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CORRELATION OF DISK STRENGTH WITH COMBINATION OF TENSILE
STRENGTH AND TENRSILE DUCTILITY

Rabtlos of disk strength to tenslle strength are plotted against
ductility in figure 4., In this plot and in subsequent plots, individusl
polnte generally represent an average of two disk tests for particular
heat trestments and chemlcal compositlons. As would be expected fram
flgure 3, the correlation with tensile strength Independently of ductll-
1ty is seen to be falrly good at ductilitles above 4.0 percent elonga-
tlon, but 1s qulte poor at elongatlons equal to or less than 4.0 percent.

CORRELATTION OF DISK STRENGTH WITH THE COMBINATION OF TENSILE STRENGTH AND
TENSTLE DUCTILITY COMPARED TO THE CORRELATTON OF DISK STRENGTH WITH
THE, COMBINATION OF TENSILE STRENGTH AND NOTCH STRENGTH RATIO

The statlic mechanical properties of a material may be regerded as
involving three characterlstics which can be designated as strength level,
ductility, end stress-concentration reslstance. Examples of these three
propertlies occur in static tensile testing and are the tenslle strength,
conventional elongation, and the ratio of notch strength to temsile
strength. The potential value of the notch test as a supplement to, or
alternative for, the ususl ductility measurements lles 1ln the fact that
there 1s no genersl law relating conventlonal ductllity and stress con-
centration resistance and that strengbth level and stress-concentration
reslstance are the basic characteristics required in actual structures.

The rotating disk and the notched tensile specimen are structures
the stress distributlions of which are similar In that they are nonuniform;
however, sufficient qualitative dlssimilarities exlt so that a functional
relation need not be expected between disk strength and notch strength.
The general tendency of disk strength to increase with tenslle strength
shown in filgure 3 suggests that disk strength might be a function of two
varlables, one of them being the temsile strength and the other being
gome verlable that would correct for the lack of correlation exhiblted
by figure 3 in the range of low ductility. This hypothesis can be inves~-
tigated by plotting the gquotilent of dlsk strength and tenslle strength
against other variables. Possible choices for a second variable include
ductility and stress-concentration resistance.

The correlation of disk strength with the combination of tensile
strength and ductility was compared to the correlation of disk stremngth
with the combination of tensile strength and stress congentration resis-
tance by plotting disk strength divided by temsile strength (the "disk
strength ratio") agalnst conventional elongation and against notch gtrength

-
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divided by tensile strength (the "notch strength ratio”) in figures 5
to 8. 'The disk data In the plot of dlsk strength ratlo against elonga-~
tion were so selected as to correspond exactly to the data for which
notch test data were available; thus, the two plots of fligures 5 to 8
show exactly comparable data.

The data points of flgure 5 exhlbit a somewhatunsatisfactory cor-
relation of disk strength ratio with conventional elongetion and a slg-
nificantly better correlation with notch strength ratio. Figures 6 to 8
Indicate general trends that are 1n agreement wlth those established by
flgure 5. ' ' ' T o T '

Because the disks made from brittle materials hsd non-homogeneous
structures in the central region which were probably not adequately rep-
resented by the tensile values, an upward shifting of the low-ductlility
points of figures 5 to 8 could be expected 1if tensile specimens were )
avallable that exasotly duplicated the center materisl of the diska. The
0.06-radius fillet (fig. 1) may also have been an important stress raiser
in the range of low ductility. In gemeral, the disk fracture surfaces
were usually observed at the polnt of tangency of the 0.06-radius flllet
and the disk surface; however, in some cases, the minimm distance between
a fracture surface and the center of the dilsk was as much as 1 inch, which
fact supports the hypotheslis that s gtress raiser involving non-homogeneous
materlial was present at the point of orlgin of the fallure. A case in
polnt 1s that of the zero-ductlillity age-hardenable stainless steel. The
average tenslle strength determined by four radiasl specimens of this mat-=
erlal was 199,500 pounds per square inch, while the gmallest value of a
series of eight randomly orlented specimens (reference 3) was 168,800 pounds
per square inch. If this value had been used in calculating the ordinate
of figure 5, the resulting ratlo would have been 0.79 instead of 0.67.

Exemination of the data polnts of figure 5 shows that the materials
wlth notch strength ratios greater than unity all had elongation values
greater than 4.0 percent, and that the materials with a notch strength
ratios less than unity all had elongation values of. 4.0 percent or less.
Also, all the materials having disk strength ratlos less than the unity
value (expected for brittle materials) had notch strength ratios less than
unity, while all the materials having disk strength ratlos greater than
unlty had notch strength values greabter than unlty.

Examination of the date points corresponding to the four SAE 4150
steelas of figure 5(b) shows that the highest disk gtrength ratio and
notch strength ratio belonged to steel M with the heavier decarburized
layer and that removel of this layer by grinding produced significant
losses in disk strength ratio and notch strength ratio (steel N) while
meintaining epproximately egual tensile strengths (table I). In the
case of steel A having a thin decarburized layer, a very small gain in
disk strength ratio and notch strength ratio occurred when the thin
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-decarburized layer was removed by grinding (steel B). The data are
regerded as belng too meager to be conclusive; however, the data do
suggest that there may be an opportunity to decrease the notch sensitiv-
ity of high-strength steels (while maintaining the high strength level)
by heat-treating for a soft surface layer.

SIGNIFICANCE OF NOTCHED STRENGTH IN PRESENCE OF IRREGUIARITIES

The data obtained from burst tests of dlsks of cast beryllium copper
containing shrink porosity are plotted in figure 9. The plot of disk
strength against tensile strength shows that the values of tensile strength
do not glve the correct order of merit of the various heat treatments of
this material in that successive Increases 1Ir tensile strength were accom-
panied by an increase and then a decrease in dilsk strength. The plot of
disk strength against notch strength showed that in the presence of severe
stress concentrations caused by defects, the disk strength was a monoton-
lcally increasing function of the notch strength.

SIGNIFICANCE OF CALCULATED AVERAGE STRESS AS A BASIS FOR
PREDICTING DISK STRENGTH

The concept of average stress as a means of predicting the strength
of rotating dlsks was introduced in reference 5. The average stress for
a rotating disk 1s determined by calculating the centrifugal force on one-
half of the disk and dividing by the area of a dlemetral oross section.
Some data on the significance of calculated average stresses were pre-
sented 1n reference 1 for the disk designs of figures 1(a) to 1(c) (all
having tensile ductilitles greater than 3 percent elongation). In the
present Investigation, similar data were secured at low ductilitles
(4.0 percent elongation and less) and similar data were secured et both
high and low ductility for diske having eccentric holes (fig. 1(d)).
Results are shown in figure 4. The unlty line of figure 4(a) and the
lines corresponding to the ratios of solld-disk elastic stress to elastic
gtress for the disk with holes of figures 4(b) to 4(d) represent the
theory that a disk would fall when the calculated elastic stress was
equal to the tenslle strength. Ratios of solid-disk elastic stress to
average stress for the disk designe of fligure 1 are glven in the appendilx
and are listed in taeble III. Because values of solid-dlsk elastic stress
divided by tenslle strength are plotted as ordinates in figure 4, the
proximity of the data polnts to the lines corresponding to the ratlios of
solid-disk elastlic stress to average stress (lines labeled "average-stress
theory") is an indication of the wvalidity of the concept of average stress
as & basis for predicting disk strength from tensile strength data. In
general, the data polnts for all the dlsks lle bhetween the lines corres-
ponding to these two theories wlth the points for the ductile materials
lying closer to the average stress theory and the polnts for the brititle
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materials lylng closer to the elastic stress theory. An Important excep-
tion occurred in the case of the brittle solld disks of figure 4(a), where
date points were found well below the elastlc-stress line. Reasons for
the weakness of these disks were dlscussed 1n the section on the corre-
lation of dilsk strength with the cambination of tensile strength and
tenglle ductility compared to the correlation of dilsk strength with the
combination of tenslle strength and notech strength ratios.

Strengths of rotabing dlsks can also be predicted from calculations
that include the effects of plastic flow (reference 6).

SIGNIFICANCE OF CALCULATED AVERAGE STRESS AS A BASIS FOR PREDICTING
INFLUENCE OF CIRCULAR HOLES ON DISK STRENGTH

In addition to the use of the concept of average stress as a basis
of predicting disk strengths from tensile strength date, the concept of
average stress may also be used as a basis for predicting the relative
strengths of dlsks of varlous designs.

The strength-reducing effect of large- and small-dlameter central
holes and the influence of ductillty on the relative strengths of solid
disks and disks having large- and amall-dlameter cenbtral holes 1s reported
in reference 1. For the ductlile materials investigated, the strength
reduction caused by the holes was found to be essentlally unaffected by
the ductility.

Data have now been secured (fig. 10) for the disk designs of refer-
ence 1 at low ductilities (4.0 percent elongation and less), and at both
high and low ductility for disks having eccentric holes (fig. 1(d}). In
figure 10 the square of the burst speed was used as the measure of disk
strength, and the strength of a disk with a hole relative to the strength
of a solld dlsk was expressed by the ratio of the squares of the burst
gpeeds. The plotted polnts show averages of burst speeds squared for
disks of glven deslgn, materials, and heat treatment divided by the
average of burst speeds squared for corresponding solid disks. Ratios
of solid disk elastic stress Lo average stress for the disk designs of
figure 1 are listed in table IIT. Divliding each of the ratlos by the
ratio for the solid dlsks glves the estimated relative strengths of the
disks with holes to that of—the solid disk on the assumption that dlsk
strengths can be compared by calculating average stresses. The dashed
lines of figure 10 labeled "average-stress theory" were drawn at ordinate
values corresponding to the values in table III in the columm labeled
"Egtimeted strength relative to solid disk". In general, the data polnts
are seen to.lle close to these linesg for ductilitles greater than 4.0 per-
cent elongation; these data thus support the theory that relative strengths
may be compared by calculatlng average stresses. For the ductile materials
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of figure 10, some scatter was observed extending downward to strength
levels asbout 10 percent less than the average stress line for the large
central holes and to about 15 percent less for the small central holes.
In general, the ratios are slightly lower for the brittle materials
(4.0 percent elongation or less) and this was especially true for the
disks with the large central hples.

The values in table IIT expressing the estimated loss In strength
with respect to the solid disk were obtained by subtractlng the relative
strength ratios from unilty and expressing the result as a percent.
Another method of estimating the relative strengths of rotating disks
contalning holes 1s to consider only the changes in cross-gectional area.
The reduction ln centrifugal force corresponding to material removed by
the holes 1s ignored. On this bagls, the estimated loss In strength of
the several designs, as compared with the solld disk, is glven by the
values of loss in dlsmetral cross-sectional area (table III).

Comparison of the logs In strength due to holes with the loss pre-
dicted by calculating average stresses, in addltion to being exhilbited
by flgure 10, 1s summarized in table III. The data of table III show
that the relative strength predlctions based on average stress calcu-
latlions were substantiated in the case of ductlile materlals with eccen-
tric holes and in the case of ductile masterials with large central holes.
The data of table ITI indicate that the average stress predictlons should
not be extended to designs involving very small holes or to brittle
materials. :

SUMMARY OF RESULTS

The following results were obtalned 1n a corrslatlon of tensille
strength, tensile ductility, and nobch temsile strength with the strength
of rotating disks of several deslgns In the range of low and lntermedliate

ductllity:

1. Previous results have shown the strengths of rotating disks to
increase with tensille strength independently of ductllity down to tensile
ductilities of about 3 percent elongation. For the types of material
availeble for the present tests (that may have been subJect to chemical
segregations), the strengths of rotating disks in & range of ductility
equal to or less than 4.0 percent elongation did not correlate with

tensile strength.

2. For the low-ductility materials and for the ductile materiels
for which notch strength data were avallaeble, the disk strength of solid
disks was found to correlate better with the comblnation of tensille
strength and stress concentration reslstance (notch strength ratio) than
with the combinatlon of tensile strength and ductility (conventional

elongation).
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3. Where dlsks possessed much sharper stress ralsers (d.efects), the
notch tensile strength was superior to the conventional tensile strength
a8 a basls for correlating disk strength with mechanicel properties.

4. Experimentally observed disk strengths for ductlile materlals were
slightly less than values predlcted from peasured tensile strengths by
the concept of average stress. In the case of brittle materials, the
observed disk strengths were very much less than the values predlcted by
calculating average stresses. The rule (based on the concept of average
stress) that the strength reduction in disks caused by holes is approx-
imately equal to the percentage of dlametral cross-sectional area removed
by the holes was substantisted for dlsks of ductlile materials having
large central holes and moderate-size eccentric holes. The rule was not
substentliated for disks of ductile materials having smsll cenbtral holes
and, In general, the rule was not substantlated for disks made from
brittle materlals. :

Iewls Flight Propulsion Leboratory
National Advisory Commlttee for Aeromautics
Clevelend, Chio May 14, 1852
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APPENDIX - CALCULATION OF AVERAGE AND ELASTIC STRESSES

Symbols

The followlng symbols are used in thls report:

A area of dlametral sectlon, sq in.

b radius of disk, In.

c rafdlus of eccentric hole, in, .

d radlus from center of disk to center of eccentric hole, in.
F centrlifugal force on one-half of disk, 1b

Ty 0.424¢ D

r, 0.424 ¢

v Poisson's ratio, 0.3

p mess density of disk material, (1b)(secZ)/in.*

o maximum elastic stress In s solld paralliel-sided disk
@ angular veloclty, radian/sec

Solild -Disk Elasgtic Stress
The maximum elastlc stress 1ls at the center of the solid parallel-
slded disk and is (reference 7)
o = §§L pm? b2

As 1In reference 1, the disk strength was calculated for all meterials on
thre agsumption that v = 0.3.

Ratlo of Solid-Disk Elastic Stress to Average Stresses
As calculated in the appendlx to reference 1, the ratlos of solid

disk elastic stress to average stresses for the several disk designs were
ag follows: °
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Disk of flgure 1{a) « +v ¢ v ¢ ¢ ¢ v v ¢ o o e 0 o e 0 . . . 1.238
Disk of figure L(D) + & & ¢« & ¢ v ¢ o ¢« o o o o o o « . . . . 1,231
Disk of figure 1{(c) « « v ¢« v « ¢« ¢« & « « & e e e . 1.056

The average stress on a dlsmetral section disk of figure 1(4) was calcu-
lated as follows:

The center of gravity of a semlcircle 1s located a dlstance from the
center of the circle glven by

0.424 v

Ty

r, = 0.424 ¢

and the centrifugal Torce per unlt thickness on one-half of the disk was
calculated from.

2 2

nb 2 RO 2 2 2
P = <P rpa " - 2 = P rg @ - me pd o
g 0 «2(0.424 b5 - 0.848 3 - 2¢%4)
E° “2(b - 20)

% puf(0.424 B° - 0.848 c° - 2¢24)
= 4(d - 2c)

The ratlo of solid dlsk elastic stress to the average stress for the
disk of figure 1(d) is:

. (3 0 o %) (40 - 8c)
F/A - 0cB(0.424 ¥5 - 0.848 o3 - 20%4)
_ 3y b2 (b-20)
2T 5.424 15 - 0.848 ¢ - 20%a
_ 3+g.3 5.00%(5.00-0.375)
7T

3 2
0.424xX5.00° - 0.848(?4%Z§) - z(?'27§) 2.50

1.150
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TABLE I - DISK MATERIAIS FREE F.ROM VOIDS, D]!SIGNS IN'VESTIG:ATED AND MATERIAL PROPERJEIEB

Material } i Disk design® Tensile proper'bies
' Tensile Notch  [Gonventiongl

. strength? | strength® |elongation

{ib/eq in.)}|(1b/aq in.)| (percent)
Steel A, SAE 4150° | £igs. 1(a), 1(b), 1(c) 268,600 199,400 3.8
Steel B, SAE 4150 | £ig. 1(a) 258,200 | 197,700 4.0
Steel M, SAE 4150° |rig. 1(a) 243,700 211,500 2.2
Steel N, SAE 4150” |f1g.-1(a) 243,500 | 179,500 2.0
Taol steell .. figs. 1(a), 1(b), 1(¢), 1(a) | 219,300 126,200 0.2
Die steeld figs. 1(a), 1(b) 279,500 162,700 2.0

Nickel base alloy |figs. 1(a)?, 1(b)%, 1(c)?, .

(Inconel X) 1(a) 162,700 188, 600 21.6t
Age-hardenshle 18-8|fig. 1(a)® ' 123,600 | 198,600 14.90
stainless steel® |, g, 1(e)m 163,900 | 232,800 17.6%
Pig. 1(a)™ 199, 500 104,200 0.0

8Types of disks: W

Pig. 1(a), solid disk.
Fig. 1(b), disk with 1/16-inch-diemeter central hole.

Fig. 1(c), disk with l%'--inch-d.iameter central hole.
Fig. 1(4), disk with four 3/8-inch-dismeter eccentric holes.

Pronsile specimen (fig. 2(a)).

CNotch specimen (fig. 2({b)).

d‘1-:lnt;>h gage length, 1/4-inch-diemeter specimen.

®Thin decarburized surfece.

fT’h.’Ln decarburized surface removed by grinding.

EModerate decarburized surfa.oe

hMod.e:ma.‘be decarburized surface removed by grinding.

C | Mno |SL |[NL | Or | Mo | T W |V | AL
113 analysis 0.46[0.48(0.34{0.22] 3.97]8.09[----{0.40[1.89 [--—-
JNominal camposition .85{1.20| .30|~-~- S0 =memlaea-i 50| .20]-===
K111 analysis .05 .60] .787.01{17.20{----10.79[-==|--=-]0.08

lDate from reference 1.
Bpate from reference 3.

=
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TABIE II - DISK MATERTAL CONTAINING VOIDS, DESIGN INVESTIGATED, ARD

MATERTAL PROFERTIES

OF CORRESPONDING DEFECT-FREE MATERTAL

Material Disk dssiéﬁa Tenaile properties
Tenslile Notch Conventl
strength? | strength® |elongation
(1b/sq in.)|(1b/eq in.)| (percent)
Cast beryllium copper 1;,]5--1n.-diam. central hole | 67,8002 81,700 37.58
contalning shrink ?fig. 1(c))
poroalty
1%'—-1:1.—&11&111. central hole | 81,200 | 105,500 24,47
(£1g. 1(c))
13-in.-d1am. cemtral hole | 148,300% | 168,000 6.8%
(fig. 1{e))
L e a1 cnnt M40 pnn o 28
.I.E"‘ln--ﬂ.lam- conv. noLle | Lo4,ouy Lk o DU FA:Y
(£ig. 1(c))
'qData from reference 3. ‘\4&52&*’

' Pronatle specimsn (fig. 2(a)).
°Notch specimen (fig. 2(c)).

d'l—ing_h agaca length,
T oY 0 =Rt 4

1/4-1in.-diem

. Bpeclmen.
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TABIE TII - STRENGTH REDUCTIONS DUE TO PRESENCE (OF CIRCULAR HOLES

Disk deslign Ratio of solid {Estimated |Bstimated loss|Ioss In diam-| Observed average loss
digk elsstic s'l:-raf_gt-h in Btl‘&"’..!gth etral crogg- Ductile Brittle
gtreas to reletive |compared wlth |[secticnal meterials |materisls
average siress |to scolid | solid disk erea due to (> 4.0 (g 2.0

disk (percent) hole percent percent
(percent) elongation)| elongation)
(percent) | (percent)
Solid diek (fig. 1(a)) 1.238
1/16-inch-diameter 1.231 0.9943 0.57 0.63 7.0 11.0
central hole,
fes. 1/1110
\Lig, 4\DJ)
Four 3/8-inch-diemeter 1.150 .9289 7.1 7.50 5.0 11.0
eccentric holes,
(fig. 1(a))
.
=-Inch-dimmeter central 1.056 .8530 14.70 15.00 19.0 39.0

hole, (f1g. 1(o))

ST
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NACA TN 2791

0,252

a

o

|.7

0.243
lOo / /—l\
N 1.00 red ,"'_I_'“\

0.625

0.620 0,800

I

IoGe.ge length, 1.0

0,795

3.00
(2) Umnotched,

* 0.250 B
050 ! % 1.00 rad
0.620 g.800 B
0,795 1,50
1.40

3.00

(b) Conical-ended notched.

r/—O.ESO
0.02 red f
- 1..38
2.00

Flgure 2. -~ Tenslle specimens.,

(¢) Button~bead-ended notched.

o

% 2

::::

0.002 Max rad (Fig. 2(b))
0.003 to 0,004 rad (Fig. 2(c))

v

CD-2551

Lo

Section BB
Notch dstall

(A1l dimensions are in inches.)
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Disk strength, 1b/sq in.
N
'_I
N

Steel, SAE 1078
Forged beryllium copper
Nickel-base alloy
Steel A, SAE 4150
Steel B, SAE 4150
Steel M, SAE 4150
40 / Steel N, SAE 4150
Tool steel
Die steel
Age-hardenable 18-8 stain-

less steel

o} 40 80 120 160 200 240 280 x 103
Ultimate tensile strength, 1b/sq in.

(e) Solid disks.

Flgure 3. - Relation between disk strength and ultimate tensile strength. Values
beside date points indicate percent elongatlon.
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20 NACA TN 2791
280 X103
240 ,/,/’
/
//’ A
3.8 2.0
200 //,/’
/ A
: 5.3 C{;;.s
g 1e0
¥4
- S/
g /
b=
4 120 /
EL)
g ,/// l;70.2
2 q
£ %5.1
2 a0 —A-O-13.3
I /
: O S8teel, SAE 1078
: éi Nickel-bage alloy
Steel A, SAE 4150
40 7 Tool steel
<N Die steel
ke L
o] 40 80 . 120 160 . . 200 . 240 280 x103

Ultimate tensile strength, ib/sq in.
(b} Disks with 1/16-inch-diesmeter central holes.

Pigure 3. - Continued. Relation between disk strength end ultimete—tensile

strength. Values beside data points indicate percent elongatlon.
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NACA TN 2791

L4

~
N
[P
(4]
200 X 10°
160
g
ot
3.8

=120 L

1

g

b Ro.z

o 80

B /813.3
. . /] O Steel, SAE 1078

i v 0 Forged beryllium copper

A / ' O Nickel-base alloy
- 40 7 A\ Steel A, SAE 4150

/ [7 Tool steel
1 1
0 40 80 120 160 200 240 280 X 103

Ultimate tensile strength, 1b/sq in.
(¢) Disks with J%‘-—inch-dia.meter central holes.

Figure 3. - Continued. Relation between disk strength end ultimate tensile
strength. Vealues beside data points indicate percent elongation.
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Disk strength, 1b/sq in.

NACA TN 2791

240%10°
v
200 A
/
le;@{/
160 //,
/
/// 0.2
/ w
120 /// >
////
80 ////!
/ < Nickel-base alloy
40 [7 Tool steel.
0 40 80 120 180 " 200 240X103

strength.

Ultimate tensile stremgth, 1b/sq in.
(d) Disks with four 3/8-inch-dismeter eccentric holes.

Figure 3. - Concluded. Relation between disk strength end ultimate tensile
Values beplde data points indicate percent elongation.
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1.4
1Y Average-stress theory
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1.0 11 (o) <o Elastle-stress theory

>
8 R4
: o O Steel, SAE 1078
h O Forged beryllium copper
.61 Nickel-base alloy

Steel A, SAE 4150
V Steel B, SAE 4150
4 [> Steel M, SAE 4150
Steel N, SAE 4150
7 Tool steel
.2 N Die steel
D\ Age-hardensble

<l
Ee] -E’ 18-8 stainless steel
L | e
B _
.E S (a) Solid disks.
o
ol 1.4
Al
R 2 Average-stress theory
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()
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Elestic-stress theory
—_—— e e e T Y
27
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0 1 2 3 4 5 10 15 20 25 30 35 40 45
Ductllity, percent elongation

(b) Disks with 1/16-inch-dlameter central holes.
Figure 4. - Relation between ductility and utilization of tensile strength.
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Disk strength
Tengile strength

NACA T 2791

1.2
Average-gtress theory
1.0 ©
hd o ) o 5
.8 m O
-6 I Fisstic-stress theory O Steel, SAE 1078
— T T I A 0 Forged beryllium copper
41 Z 2 Nickel-base alloy
Steel A, SAE 4150
7 Tool steel
.2
0 T —
(c) Disks with Z-inch-diameter centrel holes.
el P —— e — s S— ey —" S—— —— — ———_1
I Average-stress theory
1.0 104
.8
.8
V
.4
2
1
0 1 2 3 4— 5 10 15 20 25 30 35

Ductility, percent elongation

(4) Disks with four 3/8-inch-dlameter eccentric holes.
Relation between ductility and utilization of

Figure 4. - Conecluded.

tensile strength.
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1.2 —
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1.0
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< Nickel-base alloy
8 iu/ A4 A\ Steel A, SAE 4150
— a V Steel B, SAE 4150
EEV/ [> Steel M, SAE 4150
8 <] Steel N, SAE 4150

< Dile steel

D\ Age-hardenable

.4 18-8 stainless steel
7 Tool steel

.2
S
gn 0 1 2 5 4 5 10 15 20 25
@
S Elongatlion, percent
L (2) Correlation with ductility
wjo .
V=i
.w i} 4
5 g 1.
D/l)—
1.2 —
1.0
-8 /g
5 %
4
.2
|
0 .2 4 .5 .8 1.0 1.2 1.4 1.6 1.8

Noteh strength
Tensile strength

(b) Correlstion with stress concentration'resistance.

Figure 5. - Correlation of disk strength with tensile strength and ductility, and
correlation of disk strength with tensile strength and stress concentration
resistance for solid disks.
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] Die steel
& Nickel-base alloy
[7 Tool steel
A\ Steel A, SAE 4150
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(b) Correlation with stress concentration resistance.

Figure 6:—= Correlation of disk strength with tensile strength and ductility end
correlation of disk strength with tensile strength and stress concentration
resistance for disks with 1/16-inch-diameter central holes.
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1.0
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25 (a) Correlation with ductility.
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PlE 1.0
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4 .
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|
0 .2 4 .6 .8 1.0 1.2 1.4

Notch strength
Tensile strength

(b) Correlation wilth stress concentration resistance.

Figure 7. - Correlatlon of disk strength with tensile strength and ductility
and correlation of disk strength with tensile strength snd stress con-

centration reslstance for disks with l%-inch-dia.meter central holes.



NACA TN 2791

28
1.2
1.0 —
. — C
° ///
.8 ]
<> Nickel-base alloy
7 Tool steel
4
.2
5 . -
S¥ 0 12 3 4 5 0 15 20 25
E’E . Elongation, percent _
o+ ]
,,‘_,; : (a) Correlation with ductility.
o =
KIE
A8 1.2
1.0 L
) /’/
.6 )7,
4
.2
i
0 2 .4 .6 8 1.0 1.2 1.4

Notech strength
Tenslle strength
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Flgure 8. - Correlation of disk strength with tensile strength and ductility
and correlation of disk strength with temnsile strength and stress con-
centration resistance for disks with four 3/8-1nch-diamete;'eccentric

holes. : -
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Figure 9. - Relation between disk strength and specimen strength for cast
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porosity. Values beside data points indicete percent elongstion.
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Disk strength hole

NACA TN 2791
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Figure 10. - Relation between ductility and strength reduction due to
presence of holes.



